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“… BATAVIA, ILLINOIS -- The U.S. Department of 

Energy (DOE) has awarded a new $1.575 billion, five-year 

contract for management and operation of Fermi National 

Accelerator Laboratory (FNAL) to the Fermi Research 

Alliance, LLC (FRA), owned jointly by the University of 

Chicago (UChicago) and Universities Research 

Association, Inc. (URA)…”
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• Presidents of IL Universities on FRA Board  
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Ceegngtcvqt"Rj{ukeu"Egpvgt"Okuukqp
• Coordinate and conduct accelerator 

R&D aimed at next-generation and 

beyond accelerator facilities

• Provide Accelerator Physics support 

for existing operational programs

• Train accelerator physicists and 

engineers
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CRE"Qticpk¦cvkqp

Accelerator 

Physics 

Center

Accelerator 

Technologies

Division

Associate Director

for Accelerators 

Accelerator

Operations & 

Development 

Division 

Director
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PON"ugvwr"cu"CCT(F"wugt"hceknkv{

gun 3.9 GHz

cavity
Bunch 

compressor
3 ILC cryomodules

45 deg. spectro

•Several user beam line independent of each other will maximize productivity 

(see model of ATF at Brookhaven),

•In an SCRF linac one could also include a recirculation loop to either operate 

the linac in either energy recovery or energy doubler,

•The loop in itself could be a very rich “beam dynamics object”, such a loop as 

actually been proposed for CW operation of X-ray free-electron laser 

Recirculation loop for 

energy doubling/recovery

~1.5 GeV experiments

S.Nagaitsev

P.Piot
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Vjku"Okpk/Yqtmujqr
The purpose of this mini-workshop is to identify 

possible advanced accelerator R&D activities
that could be pursued at the NML facility along 
with needed infrastructure to successfully carry 
these experiments.

Topics that will be discussed include:

• Generation, manipulation, diagnostics of high 
brightness e-beams

• Plasma-wakefield based acceleration technique,

• EM structure & laser-based acceleration 
methods

• Radiation sources



11/28/2006 mini-Workshop on AARD@NML 11

Hqewu"rqkpvu"qh"vjg"okpk/Yqtmujqr

Expectations for the mini-Workshop:

• get input from AAR&D community on the NML 
Users facility experimental program

• focus on possibilities to carry out unique research 

• make the first look into what’s needed for that 

- lab space 

- infrastructure

- beam parameters

All that is very needed for the NML planning!All that is very needed for the NML planning!



YGNEQOG"VQ"HPCN#

Vjcpm"{qw"hqt"eqokpi#Vjcpm"{qw"hqt"eqokpi#

Thanks to Philippe for organization of the WorkshopThanks to Philippe for organization of the Workshop

…… and letand let’’s do a good job!s do a good job!
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What is NML?What is NML?

̇ NML is an existing building at Fermilab (New Muon Lab)

̇ NML building is part of Fermilab’s ILC Test Areas

Ü Other areas are: MDB (horizontal SCRF cavity test stand), IB1 

(vertical test stand) etc.

̇ NML accelerator test facility is being developed as part of 

SCRF infrastructure at Fermilab.

̇ The first NML user will be the ILC program.

Ü The AARD portion may first piggy-back on the ILC program

Ü Will increase with time
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LocationLocation

NML
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New New MuonMuon BuildingBuilding

̇ Below-grade area is 73m x 18m.

̇ Loading dock (NW corner): 12m x 7m

3 CM, about 38 m Loading

dockInjector area

Control room, offices
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NewMuonNewMuon: South Side: South Side
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West sideWest side
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Facing north wallFacing north wall
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North side, loading dockNorth side, loading dock
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ILCILC--like beam parameterslike beam parameters

̇ # Electrons/bunch 2×1010

̇ # bunches/train 2820

̇ Bunch rep. rate 3 MHz

̇ Train rep. rate 5 Hz

̇ Ave. current ~ 50 µA
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ILC Plans for NMLILC Plans for NML

0. Use NML as a cryomodule test facility (must be able to replace 
CM’s quickly)

1. Demonstrate stable long-term high-gradient beam operation at ILC-
like bunch parameters.
2. While operating at high gradient and ILC-like beam currents, 
demonstrate a LLRF controls system such that the beam energy and
beam phase stability meet the ILC specs.
3. Evaluate effects of cavity gradient spreads, dark current, cryogenic 
load, radiation levels with beam operation.
4. Measure beam kicks due to couplers, cavity tilt, quad rotations + tilt 
errors characterize focusing properties of SCRF cavities.
5. Measure vibrations of cavities and quads.
6. Test beam diagnostics.

7. Test ILC crab cavities.

8. Test the ILC installation procedure and tunnel layout.
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AARD plans for NMLAARD plans for NML

̇ Fermilab wants to establish an AARD program at NML

̇ Requires a flexible beam injector to support various beam 

parameters (emittance, bunch charge, bunch length)

Ü Flexibility requires space

̇ Requires building extension to provide a users area. 

Ü Money for extension will not come from the ILC.  In fact, the GDE 

might argue that it will cause delays.

Ü Will have to compete for funds against other projects at Fermilab.

Ü Must create a convincing story as to why we need to extend the 

building.
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CryomoduleCryomodule deliverydelivery

̇ 1st cryomodule will be delivered to NML in July, 2007

̇ 2nd CM – summer 2008

̇ 3rd CM – Mid FY09
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Stage 1: a single Stage 1: a single cryomodulecryomodule with beamwith beam

Loading dock

Beam
dump

RF injector (25 m)
1st Cryomodule 20 m beam line

Single bunch
test area

̇ July, 2007: Cryomodule delivered by TD to NewMuon

̇ First several months: cryo and rf system integration

̇ Coupler conditioning

̇ Injector to supply beam in Apr. 2008
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spectrometer magnet 

(dE/E ~1E-4) high energy 

test area low power dump

high power dump 

(34KW)

Dumps will be based on TTF 

design – cylindrical carbon 

core surrounded by Al

diagnostic 

section

Experimental beam lines at NMLExperimental beam lines at NML
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Stage 2: two Stage 2: two cryomodulescryomodules (summer 2008)(summer 2008)

7 m beam line Loading dock

Beam
dump

RF injector (25 m)
1st Cryomodule

Single bunch
test area

2nd Cryomodule

̇ Mid 2008 - two CM's, 500 MeV, 25 kW beam power
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Stage 3A: three Stage 3A: three cryomodulescryomodules (fit everything into NM)(fit everything into NM)

7 m beam line Loading dock

Beam
dump

RF injector (12 m) 1st Cryomodule

Single bunch
test area

2nd Cryomodule3rd Cryomodule

̇ Mid 2009 - three CM's, 750 MeV, 40 kW beam power

̇ Minimal injector
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Stage 3B: three Stage 3B: three cryomodulescryomodules (Building extension)(Building extension)

̇ Mid 2009 - three CM's, 750 MeV, 40 kW beam power

̇ Flexible injector

̇ ILC-like tunnel, space for 3 more cryomodules

2X 276. 0000" 8X 288. 0000"

Loading dock

RF injector (25 m)
1st Cryomodule 2nd Cryomodule 3rd Cryomodule

ILC- like tunnel

New hi-bay building
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This workshop:This workshop:

̇ We are seeking your advice on 

Ü what possible advanced accelerator R&D activities could be 

pursued at this facility;

Ü what infrastructure is needed to successfully carry these activities.



Anticipated beam parameters for 
the ILC test accelerator (NML) 

Philippe Piot
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Introduction: FNAL experience with AARD

•beam dynamics: optimization of high brightness beam 

emittance, 

•Phase space manipulations: bunch compression, flat 

beam, and transverse-to-longitudinal emittance exchange

•Novel beam acceleration R&D: PWFA, laser-based.

•R&D on beam diagnostics
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Introduction

•Need to upgade/extend A0  

•Need a facility with beam to test and develop subsystem 

associated to ILC proposal

•Use the upgraded version of A0 as an injector for the ILC 

test accelerator (NML)

Injector

Linac
Analysis area + 

User area
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TESLA cavities

RF gun

3rd harm. 

cavity BC chicane Possible test area

(non invasive)

Possible test area

(can be invasive)

ILC

module

呑Th/iwp
呑62/72"OgX kplgevqt
呑Dwpej"eqortguuqt"ejkecpg
呑Qhh/czku"dgco"nkpg"*fqingi"y"vwpcdng"T78+

Injector (Fall 2006 version)
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Pulse format

•NML is based on a superconducting linear accelerator

-long pulse train can be generated 

-control system allow flexibility 

(e.g. energy ramp along a macropulse, etc…)

•Q = 3.2 (0 to 20) nC

•fmac = 5 (1 to 5) Hz

•fb = 3 (1 to 3) MHz

•Nb = 2850 (1 to 3000)
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Photocathode drive laser

•laser is an upgrade of the laser presently in operation 

at A0 based on a YLF oscillator

J. Li and R. Tikhoplav (U. of Rochester)
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RF-gun + Photocathode

•Copy of the rf-gun currently in use at DESY in Free electron 

LAser Source in Hamburg (FLASH) facility

•Cylindrical-symmetric

•CsTe photocathode 

can produce up to 20 nC

bunches (from A0 

experience)
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Injector performances

•Emittance optimized

for Q=1 and 3.2 nC

•Compromise in 

injector design to 

accommodate 

various possible

laser distribution

•Depending on 

laser configuration e-

longitudinal phase 

space get distorted
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•“Long” bunch length results in a nonlinear 

distortion of the longitudinal phase space

•Downstream of a bunch compressor

•So we want perfect compression i.e.

•We plan on using a higher order harmonic accelerating 

cavity to “linearize” the phase space.

Bunch compression

l
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Bunch compression
Linearizer OFF

Before compressor

After compressor



11Nov 28th, 2006           FNAL AARD@ILCTA meeting Philippe Piot

Bunch compression
Linearizer ON

Before compressor

After compressor
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Off axis 40 MeV beamline (Isochronous mode)

̇Emittance increase is tolerable 

̇longitudinal phase space still distorted but this is tolerable for 

bunch length diagnostics tests

̇Plan to initially install deflecting mode cavity (to streak the 

beam)
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Acceleration in the linac

•Beam envelope along the accelerator (example of 3.2 nC)
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Final beam at IP

•IP is made up with quadrupoles

•Arbitrarily target d-functions of 0.1 m

•No chromatic corrections (so some emittance growth in 

some cases)

•Is straight ahead dump what people really want?

end of linac

quadrupoles

IP

dump



15Nov 28th, 2006           FNAL AARD@ILCTA meeting Philippe Piot

Final beam at IP

•Beam envelope along the accelerator (example of 3.2 nC)
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Longitudinal phase space at IP (no linearization)

•Q=3.2 nC

•Ipeak=1800x3.2=5.8 kA 

(Space charge + wakefield

not included at high energy
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Longitudinal phase space at IP (no linearization)

•Q=3.2 nC

•Spot size FWHM ~ 26-28 om
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Longitudinal phase space at IP (linearization)

•Q=3.2 nC

•Ipeak=4500x3.2=14.4 kA 

(Space charge + wakefield

not included at high energy
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Longitudinal phase space at IP (linearization)

•Q=3.2 nC

•Spot size FWHM ~ 25-30 om
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Summary of expected parameter for Q=3.2 nC

kA<5<5<5Peak current 

om~4,36~5,42~7,60rms beam sizes (flat)

kA10<I<1510<I<1510<I<15Peak current (w. linearizer)

om~0.5,50~0.5,50~0.5,50rms transverse normalized 

emittance (flat)

om121420rms beam sizes (round)

om4-54-54-5rms transverse normalized 

emittance (round)

MeV700520280maximum total energy

UnitsPhase 3Phase 2Phase 1Parameter
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Other possibilities: Flat beam generation

•Manipulations in two-degree-of-freedoms to generate flat 

beam is incorporated in the design

•A0 generated flat beam w emittance ratio of 100=40/0.4

P. Piot, Y.-E Sun, K.-J. Kim. PRSTAB 9, 031001 (2006)

2

czBL u¶
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Other possibilities: “Pump-probe” electron beams

•Can generate a “two macroparticle” bunches done at A0 

(initially developed for PWFA experiment)

•Later use to study longitudinal focusing effect in rf-gun and 

cavity
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Other possibilities: Tailoring the bunch shape

•e- bunch shape can be tailored (within some limit) by fine 

tuning the compression settings
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Summary

•NML can generate promising parameters (peak current 

transverse spot size) to support exciting advanced 

accelerator R&D program

•Optimization and beam dynamics studies still on-going, 

•space-charge, wakefield and other collective effects 

need to be included all the way,

•Optimization for other charges (e.g. 1, 10 nC) need 

to be performed. 

•Would be nice to have a set of requirement for what 

potential user would like for beam parameter at the IP



Phase Space Manipulation

Kwang-Je Kim

AAI, Argonne

Possible Directions for AA R&D at 
the ILCTA at Fermilab

November 28, 2006

Fermilab
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Why Phase Space Manipulation?

̈To improve x-ray FEL performance

– Emittance Exchange: Reduce transverse emittance in each 

dimensions by 10 at the expense of longitudinal emittance 

increase by 100 

– Conditioning: Produce a correlation in energy-betatron

amplidtude

̈To obviate electron damping rings in a linear 

collider

– Produce damping ring like beams directly from a gun-

manipulation system

̈ Improve the performance of a Terahertz Smith-

Purcell FEL
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SASE FEL  for 30 keV

̈ LCLS reference parameters:

n = 8 keV, nu = 3 cm, K = 3.7, Ip = 3.5 kA, Ee = 15 GeV,

FE/E = 10-4 , gn = 1.2 mm-mrad,   Lsat = 100 m

̈ Vary K, n, and Ee

̈ It pays to strive for an ultralow emittance e-beam

600.1121

400.1303.7

1300.5303.7

3001.2303.7

L sat

(m)
n

(mm-mrad)

Ee

(GeV)

K

shorter undulatorshorter undulator

shorter undulator

and shorter linac
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Emittance Exchange for X-ray FEL
̈RF Photocathode Gun

– Transverse emittance   gn~1 × 10-6 m

– Energy spread very small

uFE ~ 1.5 keV

̈FEL requires E/E < 10-4, n~1 × 10-6 m

̈Can we do the transformation?

GeV15~@10 7 E
E

E
EE

/F
F ??

uu

* + * + * +577766 10,10,1010,10,10,, //////
F ›? mmmmEEyx uigig
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Optical Building Blocks  for the Exchange

̈ Dipole mode cavity:

̈ Dog leg
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An Exact Exchange Optics

̈ Transverse cavity between two dog-legs

̈ Choose kさ = -1

̈ Then transfer matrix becomes:

̈ The beam matrix:

̈ Please someone explain to me why this works but not the 

Cornnachia-Emma scheme of reverse dogleg!!
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Exchange Alone Does Not Work

̈For a symplectic transport from an uncoupled to 

another uncoupled system, the exchange is 

wholesome:

( a, b)  s ( a, b) or ( b, a) 

but not, for example, (0.1 b, 10 a)

̈We need another, non symplectic, step to do

̈The flat beam technique is the required step

* + * + * +577766 10,10,1010,10,10,, //////
F ›? mmmmEEyx uigig



8Possible Directions at ILCTA, KJK, 11/28/2006

Flat Beam Generation
(Y. Derbenev), (R. Brinkmann, Y. Derbenev, K. Flöttmann)
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Y
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Generating a Flat Beam with Angular Mom. Dominated Beam
(D. Edwards, …), (Ph. Piot, Y.-e Sun)

experiment simulation

X3 X4 X5 X6 X7 X8

N1 S2 S3 S4 N6 N7

350 351

S5

502

 cavitybooster

L1 L2 L3

UV laser
rf−gun

3770

1854
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An Emittance Exchange Scheme for 
Improved X-Ray FEL Performance 

(P. Emma, Z. Huang, P. Piot, and KJK, PRSTAB)

̈ Flat beam technique (units in m-rad)

̈ Use short electron beam  uz = 33 o

Q = 33 pC, I = 100 A

̈ Exchange (x u z)

̈ Final bunch length

* + 7526 101010: /// ̊›ig̊ig yx
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Gun-Transformer Parameters
(P. Emma, Z. Huang, Ph. Piot, KJK, PRSTAB)

̈Gun
– Bunch charge= 20pC, rms laser spot size=300om, rms laser pulse length=80fs, peak 

rf field=138 MV, B-field on cathode=0.19 T

– Trans. thermal emit.=0.23om, trans. projected (coupled) emit.=4.96 om

– Long. emit.=0.071 om

̈Accelerator
– Tesla cavity, peak acc. field=36MV/m, electron final energy=216 MeV

̈After flat-beam transformation
 igx=9.9 om

 igy=0.0054 om

 igx=0.08 om
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Watch Out for Non-ideal Effects

̈Space charge

– Emittance growth & flat beam performance

̈Higher order effects

– Second order dispersion ( may be minimized by a suitable 

chirping according to P. Emma)

̈Alignment
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Obviating Electron Damping Ring 
in ILC

̈Require ( x y z m at 3 nC

̈ T= ( x y)
1/2 too small for photocathode

̈A possibility: (5, 5, 8) (1500,0.02, 8) (8, 0.02,1500)

̈Proposal by NIU-ANL Collaboration
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Beam Conditioning: reducing the path length 
spread by introducing a correlation between 
energy and betatron amplitude (A.Sessler, D.H. 
Whittum, and L.-H. Yu, PRL 1992)
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gN 1.2 om, nd 110 m
gN 1.2 om, nd 27.5 m, condit

gN 2.4 om, nd 110 m
gN 2.4 om, nd 27.5 m, condit

gN 4.8 om, nd 110 m
gN 4.8 om, nd 27.5 m, condit

LCLS, vary emittance, optimal 
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A Simple Conditioning System using RF 

Chirp and Solenoid ( N. Vinokurov)
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Problem: Emittance Dilution due to 
Chromatic Aberration (G. Stupakov)

̈Betatron phase advance in 

solenoid is inversly proportional to 

electron energy

̈There will be a large emittance 

growth unless the beam phase 

space is matched to the solenoidal

focusing

̈This restricts the conditioning to 

be weak, requiring long section 

(several hundred meters?)

A recirculating system with sextupole conditioning 

was proposed by A. Wolski
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isochronous
arcs

plane-swap solenoid

conditioning section

A Recirculating scheme using sextupoles
and aTM110 cavity (A. Wolski, Argonne 
WS, 2003)
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Concluding Remarks

̈ (Emittance exchange + flat beam technique ) is a 

linear transformation and may find important 

applications in FELs and ILC

̈Experimental demonstration of the concept may 

proceed in two steps; a “simple” exchange POP to 

full demonstration of emittance manipulation 

̈Beam conditioning is a nonlinear process and 

harder to implement, and is challenging us for 

further ideas



Alexander Mikhailichenko

LEPP, Ithaca, NY 14853

A compact ring can be used to verify the OSC principles. 

Possible parameters of such ring described here. 

DAMPING RING FOR TEST THE OPTICAL 

STOCHASTIC COOLING

FERMILAB, November 28, 2006

Latest interest to this subject initiated by Vladimir Shiltsev



INTRODUCTION

A. Mikhailichenko, “Damping ring for Testing the Optical Stochastic Cooling”, Published in EPAC 94, 

London, England, 27 Jun - 1 Jul 1994: Proceedings. Edited by V. Suller and Ch. Petit-Jean-Genaz. 

River Edge, N.J., World Scientific, 1994. vol. 2*, p. 1214-1216.

After proposal to extend Stochastic Cooling method to optical bandwidths, the idea about 

testing this method on specially designed compact damping ring was described soon after. 



> @B …?
Â

x

x

N

A

N

j
j

N

S S

S

1

x x G

x

N
x G

x

N
G

x

N
i

new

i

old

j

old

j

N

s

i

old i

old

S

j

old

j i

N

S

S S

B / › / /? ”
Â Â
1

… B
Â

G
x

N
G

A

N

j

S S

… BG
x

N
G
A

N

i

S S

One can see, that the damping associated with the signal from the particle 

itself is                              and the rest part        represents the 

heating for this particle selected. 
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Transverse fluctuation of the center of gravity position of  N particles 

each having transverse coordinate  xj is 

where A is an effective amplitude of transverse oscillation , Ns –is the number of 

particles in the bandwidth.

After kick:

where n marks the turns. Maximal cooling rate corresponds to G =1, this means, that the 

kicker must eliminate the amplitude, corresponding to the picked averaged displacement in 

the pick-up. One can see that the cooling rate is simply associated with the number of the 

particles in the bandwidth. 

G-amplification



RADIATION FROM A QUADRUPOLE WIGGLER

Destructive interference of radiation in a quadrupole lens from two particles. 
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. Transverse kick through the change of energy 

TRANSVERSE KICK OVER ENERGY CHANGE
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AMPLIFICATION
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BEAM PASS

The necessity to keep the bunch length unperturbed from pickup to the kicker within the level of the 

wavelength of the optical system is obvious. With the same accuracy the congruence of the light amplified 

and particle’s beam must be arranged in the kicker as well.

)/(),(),(),()( 00000 EEssDssSxssCxsx F©-©|-©?

v
vt
vv

vt
v

d
S

ssCd
C

ssSssD
S

S

S

S

ÐÐ ©/©/?
0

0

0

00
)(

)(
),(

)(

)(
),(),(

E

E
ssDssSssCssSxssCxsx

F
-©|-©-©|-©? ]),(),(),([),(),()( 000000000 jjdd

x x D
E

E

kic kick kick kickker [ ]? - -d j
F

x x
E

E
pick pick pick? -d j

F

),(),(),( 05605200510

00

0

0

0

0

ssM
E

E
ssMxssMxd

D

E

E
d
S

xd
C

xd
x

l
S

S

S

S

S

S

S

S

F
/|//?

F
/|//?/?F ÐÐÐÐ v

t
v

t
v

t
v

t

F Fl x x E EB / | ? / | - | © ©0 0 0 0 02 2j j jd[ ( / )]

j jkick kick pickD- ? /
Simultaneous cooling requires

i g n i
n

ith

B

B

E

E l
l

E

E
B © B ©

F F
Threshold emittance

If simultaneous cooling in x and s coordinates required

i g th cm radB ©/10 4



Types of OSC. In transit time method arriving to the second wiggler depends on 

parameters of particle at the pickup undulator [7]. Enhanced OSC [14] deals with 

screening of optical image for some parts of radiation from the beam. 

[7] M. Zolotorev, A. Zholents, Phys. Rev. E, 50, 3087(1994). 

[14] E.G.Bessonov, M.V.Gorbunkov, A.A.Mikhailichenko, “Enhanced Optical Cooling of 

Ion Beams for LHC”, EPAC 2006 Proceedings, TUPLS001, Edinburgh, UK, 2006.



Different shapes

Three-magnet achromat

Four magnet achromat

Bypass achromat

Kayak paddle. Achromatic 

bends



Three-magnet achromat is probably the best choice

Straight sections can be extended up to 4 meters



Optics allows broad 

change of dispersion

Alpha can be made 

negative or positive
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Tune diagram



Cornell Wiggler
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Any wiggler can be commutated to so called gradient wiggler/undulator

Trajectories in gradient undulator

for different values of vertical coordinate 



Basically for test in electron ring wiggler 

can operate without LHe cooling



OPTICAL AMPLIFIER





Interesting investigation done  by F.X. Kärtner,

“ Amplifier Development for Optical Stochastic Cooling”, Research Laboratory 

for Electronics LARP Meeting, Jefferson Port, October 25, 2006. The 

conclusions are:

An ultra-broadband optical amplifier for optical stochastic cooling can be built 

using PPLN and OPA at 2 µm.

Dispersion in this wavelength range is low and group delay can be kept 

minimal.

Pump laser concepts:

Directly pumped OPA using a high power laser

Cavity enhanced OPA using a medium power laser. 

Total optical delay in amplifier within 10 mm  (>2mm)



CONCLUSION

Coming to conclusion, there are no limitations in testing OSC with 

relatively low investment. 

The profits might be significant, however, if applied to proton 

machines or to machine with multiple-charged ions. 

Cornell can deliver two wigglers with 40 cm period, seven poles.

For experiment with electrons these can be feed at room 

temperature. For operation with protons/ions wigglers can operate 

been cooled with liquid Helium.

Optical amplifier within achievable parameters.



Emittance Exchange at FNPL

Ray Fliller for Tim Koeth

November 28nd, 2006



Overview

• Motivation & Overview

• Planned Experiment

• Present Status

– Beam line design

– Beam line simulation

– TM110 RF cavity

• Timeline



Motivation
For FEL applications it is desirable to have a 

small transverse emittance and high 

brightness.  A longitudinal to transverse 

emittance exchange has been proposed to 

achieve this goal. *

The A0 Photo Injector wishes to show a 

proof of principle of the emittance 

exchange.

* M. Cornacchia, P. Emma, Phys. Rev. ST Accel. Beams 5, 084001 (2002)



Emittance Exchange 

Place a 3.9 GHz TM110 cavity between two dog-leg bends to reduce the momentum spread, 

thereby reducing the longitudinal emittance.  This comes at the cost of introducing a 

transverse betatron amplitude, thus an increase in transverse emittance. A complete

longitudinal to transverse emittance exchange should be observed

P. Emma, Z. Huang, K.-J. Kim, P. Piot, Phys. Rev. ST Accel. Beams 9, 100702 (2006)

final e- bunch

Initial e- bunch

gx < gz

D1

gx > gz

D3 D3

D4

3.9 GHz TM110



The A0 PhotoInjector

1.5 Cell Cu 

Photo Gun 
SC 9-Cell Cavity

Nominal operating values for round beam after the 9-cell:

1nC/bunch (typically 10 bunches), nominal energy: 15MeV

grms-x & grms-y ~ 3 mm mrad (measured & from ASTRA)

grms-z= 23 mm mrad (from ASTRA)



A0 Beam Line Layout

Typical dipole magnet 

from existing chicane

TM110 Mode Cavity

Vertically bending 

spectrometer magnet

Straight through line

15 MeV beam from 9-cell



Beam Line Layout
A0 Horizontal Dispersion
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Beam Line Diagnostics

D4

D2 D3

BPM

OTR

SLITS
BPM

YAG

BPM
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OTR

Compress-

ometer
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OTR
X3
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“X11”

CC1
DMC

D1

“X13”

Phase Detector



Beta Functions
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Beam Line Simulations
ASTRA models the beam line from the cathode to the exit 

of the 9 cell superconducting cavity.

ELEGANT is used from the output of the 9-cell to the dump.



Required off axis Longitudinal E-Field
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3.9 GHz Power Requirements
80K Cavity Power Requirment - 50kW
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80K Q of 36,000 shows 50 kW is fine

An 80 kW 3.9 GHz klystron is being installed in A0 for 

3rd Harmonic Input Coupler Processing. We will use 

this for our cavity. Commissioning of the klystron is 

beginning next week !

(We will be using an existing 3rd harmonic input coupler)



TM110 Copper Cavity

Half cells were punched from 

0.093” copper disks at AES.

Half cells are 1st brazed at iris to 

form dumbbells.

Measure dumbbells & trim to 

freq.

There is close proximity of one 

end cell, input coupler, and LN2 

tank flange. Therefore these 

parts were machined from a 

copper block.



Measure Stacked Dumbbells
5-cell TM110 Cavity (not brazed)
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Shows why 5 cells is the upper limit – from mode spacing.



Bead Pull for Field Flatness

5-cell bead pull (not brazed)
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Input coupler

Initial bead pull shows that “solid” input 

coupler end cell frequency is higher 

than the others.
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Problems:
Input Coupler End (ICE) machined 0.168mm too short (3MHz too high) 

Dumbbells shrinkage due to vacuum leak check (0.022 inches, ~ 10MHz low)

Restored initial length, but frequency did not follow

0.014 inches too much trimmed (3MHz too high)

Dumbbells are physically too long by  ~ 1mm.

Cavity profile in question å CMM’ing First data taken Monday:

M-38 & M-11

Four radial profiles taken (90 

deg increments) on 

dumbbell M38-M11. 

Needs analysis….

Rest are being scanned.

Pink: Ideal profile

Blue: Actual profile, 

(uncorrected for measuring tool radius)



Highlights of Time Line

49Thu 1/17/08Thu 1/17/080 daysTim Graduates50

48Thu 1/17/08Tue 8/21/076 monsTim Writes Thesis49

47,44Tue 8/21/07Mon 5/14/074 monsMake Measurment48

46,37,45Thu 5/10/07Wed 5/9/071 day?Rad Safety Clearance47

37Wed 5/2/07Tue 5/1/071 dayCommission new interlocks46

37Wed 5/9/07Tue 5/1/077 daysCommission new beamline45

37Mon 5/14/07Tue 5/1/072 wks?Commission Tim's Cavity44

40Tue 4/17/07Fri 4/13/073 daysClose vacuum41

38Tue 3/27/07Fri 3/23/073 daysInstall RF cavity39

Thu 3/22/07Thu 3/22/071 day?Break Vacuum38

12,25,24,7,8,

19,20

,22Tue 5/1/07Thu 3/22/0732 days?Installation Phase II37

35Mon 1/29/07Thu 1/25/072 daysCommission new A0 Beamline36

31Mon 2/5/07Fri 2/2/071 day?Install Dogleg Dipole 132

29Fri 2/2/07Mon 1/22/072 wks?Modify A0 Beamline31

Wed 1/17/07Wed 1/17/071 day?Break Vacuum28

3,26,20Wed 2/14/07Wed 1/17/0723 days?Installation Phase I27

7,8Wed 1/17/07Wed 12/6/066 wks?Aquire vacuum components for straight line26

7,8Wed 1/17/07Wed 12/6/066 wks?Aquire vacuum components for Tim's Line25

Fri 3/9/07

Mon 

11/27

/064 monsAquire BPM buttons10

8Fri 12/8/06Wed 12/6/063 daysDesign Beamline Vacuum9

Thu 11/30/06Thu 11/16/062 wksRemaining Optical design of Beamline7

Thu 3/22/07Thu 11/16/06

95.63 

day

s?Preparation1

Resource_Name

s

Predecesso

rs
Finish_DateStart_DateDurationTask_NameID



A U.S. Department of Energy
Office of Science Laboratory
Operated by The University of Chicago

Argonne National Laboratory

Office of Science
U.S. Department of Energy

Keep alive e+ source 
for the ILC

Wei Gai, Wanming Liu

ANL  
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

Complete modeling of undulator based e+ 
source*

udulator 

e- 

collimator 
target 

i" Pre-Accelerator

AMD 

i"
e- 

e+ 

seperator 

Cryomoduals for 

boosting energy to5GeV

Damping ring 

*Working with collaborators (SLAC/DESY/CCRL)  

Keep alive e+

300 – 700 MeV e- beam

150 GeV e- drive
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

AMD profile and PreAccelerator Filed Map

AMD field:5T-0.25T in 50cm

Accelerating gradient in 

preaccelerator: 12MV/m
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

Photon Spectrum  
and Polarization of 
ILC baseline 
undulator

Results of photon number spectrum and polarization characteristic of 

ILC undulator are given here as examples.   The parameter of ILC 

undulator is K=1, nu=1cm and the energy of electron beam is 150GeV.

Figure1. Photon Number spectrum and polarization characteristics of 

ILC undulator up to the 9th harmonic

e- Undulator



5

Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

Comparison of the 
generated positron 
polarization spectrum: 
with/without collimator.

without collimator with collimator 

The collimator is 2.5mm in radius and is 700m away from the end of a 100m long undulator.  

Photons are radiated uniformly along the undulator. For the case without collimator, the photon 

source is treated as a point source.  The collimator screened out those photon with lower 

polarization and thus improved the positron polarization.

Initial distribution of polarization of positrons

e- Undulator
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

Comparison of the 
captured positron 
polarization spectrum: 
with/without collimator.

Without collimator With collimator

The capturing optics are the same for both with and without collimator.  The collimator 

screened out those photons with lower polarization and thus improved the polarization of 

resulting positron beam.   The polarization of captured positron beam is about 30% without 

collimator and 63% with the collimator setting used here.

Initial Polarization vs energy of those captured positrons

e- Undulator
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

Keep alive positron source

• Functions as a backup/commissioning e+ source when undulator
based e+ not available.

• From GDE: a 0.3 nC e+ beam keep alive source from a 
conventional target with drive beam energy of ~ 500 MeV and 
maximum intensity of ~ 4x1010 e-

• Identical beam line for polarized positron source is used.  When
AMD is off, the AMD field is replaced by a uniform Bz field of 
0.25T.

• Damping ring acceptance: 1% energy spread and 
Ax+ Ay<0.09m-rad.

• The positron yield is normalized to per incident electron.

e-

AMD

~ 250 MeV

PPA
Target Cryomodules boosting energy to 5GeV 

5 GeV e+

~500MeV e-
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

OFF0.0290.0211.327500MeV1mm4.0 r.l. W

OFF0.0080.0110.126500MeV1mm0.4 r.l. Ti

OFF0.00340.0070.0375500MeV1mm0.2 r.l. Ti

ON0.2160.0211.327500MeV1mm4.0 r.l. W

ON0.0310.0110.126500MeV1mm0.4 r.l. Ti

ON0.0110.0070.0375500MeV1mm0.2 r.l. Ti

AMDCapture YieldEmittanceRaw Yielde- Energye- Beam sizeTarget

Energy deposition for recommended e- energy(500MeV) and intensity(4e10) are:

•0.2 rl Ti:  0.0336(J)

•0.4 rl Ti: 0.0757(J)

•4.0 rl W: 1.17 (J)

Comparison between different target configure
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

OFF>0.051.908700MeV*

Double e-

0.5mm4.0 r.l. W

ON0.1050.717300MeV2mm4.0 r.l. W

AMDCapture YieldRaw Yielde- Energye- Beam sizeTarget

NOTE: The captured yield for 4 rl W when AMD off is estimated with 

assumption of bunch compressing in beamline (it was shown by Roger, 

Juwen and Klauss that compression could enhance the yield by 20 –

30%).   

Minimum requirements
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

Captured Yield vs drive beam spot size
Target: 4rl, W, AMD on
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

Captured Yield and Raw yield vs drive beam energy, 
Target: 4rl, W
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

Drive beam intensity required to generate 0.3nC 
captured e+ beam, target: 4rl, W, AMD off

Drive beam size: sigma=1mm



13

Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 28, 2006

Summary

• The keep-alive source can be made with 300 – 700 MeV drive 

beam.

• The capturing schemes need to be improved for no AMD 

option.

• The ILCTA can be a place to test some of the capturing 

components.



EO sampling Experiment in ILCTA

Jinhao Ruan

A0 Photon Injector

Fermi lab



Motivation

o LCLS: 200 fs FWHM @ 15 GeV

o LUX: 30 fs FWHM @ 3 GeV

o ILCTA: < 1 ps rms

Impact of Optics on Ultrafast Electronics



Principle of EOS
Pockel’s effect (ZnTe)

Z(110)

(001)

p
p

By detecting this phase 

shift  we will know the 

electrical field

By detecting the optical pulse we are 

hoping to get electron bunch information

P1 P2

e beam

Probe laser
• Scanning Delay sampling

• Spectral decoding

• Temporal decoding

• Spatial decoding



Scanning Delay (SD) sampling

̈ The bunch profile is sampled by changing the delay 

between e-bunch and a femptosecond laser pulse

̈ Commonly used in THz spectroscopy (pump probe)

̈ Technically simple, highest resolution

M. J. Fitch et al PRL 87, 34801, 2001 J. Van Tilborg et al PRL 96, 14801, 2006



Spectral Decoding

̈ The laser pulse is stretched spectrally (chirped), the longitudinal structure is 
therefore encoded in the spectrum

̈ Single shot experiment

̈ The instantaneous bandwidth of the chirped pulse needs to be sufficient to 
represent the e-bunch structure

I. Wilke et al PRL 88, 124801, 2002

cvvv 0lim ¶

Electron beam THz 

field

Coulomb field

Chirped

probe pulse

EO crystal

e- bunch

~fs

tc

to = unchirped pulse duration



Temporal Decoding

̈ The chirped laser pulse behind the EO crystal is measured 

by another short laser pulse using single shot cross 

correlation technique

̈ 1 mJ laser pulse energy necessary 

G. Berden et al PRL 93, 114802, 2002

Second-harmonic

generation crystal

Cross-correlated

beam

CCD 

~fs



Temporal Decoding

DESY, Germany



Temporal Decoding

Time (ps)

EO at first bunch and LOLA at second bunch

Compressed
Time (ps)

ACC 1° overcompression

Time (ps)
ACC 2° overcompression

Time (ps)
ACC 3° overcompression

Preliminary unpublished data by G. Steffen in DESY 



Spatial Decoding

̈ The femtosecond laser pulse is focused as a line image to 

the crystal and passes the crystal at an angle

̈ The bunch length is transferred to the spatial structure of 

the laser
A. J. Cavalieri et al PRL 94, 114801, 2002



Spatial Decoding

A. J. Cavalieri et al PRL 94, 114801, 2002

SLAC, USA



Applications in ILCTA 

̈ Jitter measurement

LINAC

RF

From Injector

EO Sampling I
EO Sampling II

Laser

EO station 1 will give us the jitter caused everything before LINAC

EO station 2 will give us the jitter caused everything before LINAC plus LINAC



Applications in ILCTA 

̈ Real-time beam shape Monitor

EO 1

EO 2

EO 1

EO 2



Applications in ILCTA 

̈ Timing pump-probe measurement



Argonne National Laboratory is managed by 

The University of Chicago for the U.S. Department of Energy

Electron beam diagnostics

Yuelin Li

Accelerator Systems Division, Argonne National Laboratory

ylli@aps.anl.gov
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Content

̈ Electron optical sampling 

– Mechanism and limit

– Goal: Bunch structure and timing jitter measurement, 10 fs?

– Local experience

• APS experience

• On going collaboration among APS, AWA, FNAL, NIU 

̈ Optical replica for electron beam structure

– Mechanism

– Setup and real estate requirement

– Local experience

• Laser experience at APS, AWA, FNAL, NIU

• APS FEL FROG measurement

̈ Discussion
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Mechanism of electron optical sampling
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Overview of EO geometries

H. Schlarb, DESY
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EO characteristics
Broad Band Crystal response
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EO Electron beam measurement

̈ Beam profile

– 1999, Laser-THz measurement: 128 THz s <10 fs

– 2000, FELIX, 2 ps;

– 2003, FELIX, 0.3 ps;

– 2005, SLAC, 0.3 ps;

– 2006, DESY, 0.15 ps;

– Future, FNAL, 10 fs

FELIX results: Yan et al., PRL 85, 

3404 (2000); 2 ps 

Any possibility to do better? This is a 

laser measurement, 4 fs

Leitenstorfer et al. Appl. Phys. Lett., Vol. 

74, 1517 (1999)

?

FELIX Results: Berden et al. PRL 93, 

114802 (2004), 300 fs

SLAC SPPS result: Cavalieri et al., PRL 94, 

114801 (2005), 300 fs
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Advantage and goal

̈ Advantages

– Non interceptive

– Single shot

– Potential high temporal resolution: sub 20 fs: main challenge

– Relatively cheap 

̈ Issues

– Can we do <20 fs resolution? 

• Need a 20 fs structure in source: ILC TC? 

– Survivability under extreme beam conditions

• Take the CTR radiations from a bend?

• Direct beam field? 

– High rep rate single shot capabilities

• Survivability under extreme beam conditions
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Loca experience 1
APS off line EO testing Signal distortion

5x10
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EO sampling signal as a function of the field strength  under investigation

(a) Field anti-parallel to the residual birefringence

(b) Field parallel to the residual birefringence

False field minimum

Artificial sign flip

Li et al., Appl. Phys. Lett. 88, 251108 (2006)

̈ Use laser generated THz as phantom electron signal

̈ Explore distortion under high field 

̈ Explore high temporal resolution possibility

̈ Application to laser plasma and conventional accelerators

̈ Continuing in collaboration with FNAL, NIU
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Local experience 2
ANL, FNAL, NIU collaboration at AWA

̈ Jinhao Ruan (A0)

̈ Jamie Santucci (A0)

̈ Cheng-yan Tan (AD)

̈ Vic Scarpine (Instrumentation)

̈ Randy Thurman-Keup (Instrumentation)

̈ Yuelin Li (APS)

̈ John Power (AWA)

FNAL

NIU
̈ P. Piot

̈ Tim

ANL

EO experiment done 

for e-beam outside 

the vacuum

Getting Ti-sa pulse into cave 

in AWA

Jinhao, John, Tim : 1-2d per 

week in AWA

Others: 1 day per week if 

necessary

2-3 

month

̈Getting Ti-sa pulse into cave 

in AWA

̈EO experiment on OTR 

signal

̈EO experiment on e-beam 

(out side the Vac)

3

EO experiment 

successful done on 

laser induced THz 

signal

̈Insert Pockel cell to pick 

up Ti:Sa pulse

̈Setup the EO experiment

Jinhao, John, Yuelin, Tim : 1-2d 

per week in AWA

Others: 1 day per week if 

necessary

2-3 

month

Reproduce Yuelin’s setup  in 

AWA laser room using laser 

generate THz as a phantom 

beam 

2

Everything ready for 

EO experiment

̈ Expenses 

̈ Detail of experiment need 

to be considered

Email communication1 montḧBackground study; 

̈optical layout;

̈Purchase

̈Safety training

1

GoalMajor concernHowTimePlanStage
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Content

̈ Electron optical sampling 

– Mechanism and limit

– Goal: Bunch structure and timing jitter measurement, 10 fs?

– Local experience

• APS experience

• On going collaboration among APS, AWA, FNAL, NIU

̈ Optical replica for electron beam structure

– Mechanism

– Setup and real estate requirement

– Local experience

• Laser experience at APS, AWA, FNAL, NIU

• APS FEL FROG measurement

̈ Discussion
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The idea of optical replica

Saldin et al, XFEL project meeting, August 25, 2004
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More on the mechanism

̈ First: Energy modulation via (v.E) coupling

̈ Second: Longitudinal density modulation in chicane

̈ Third: coherent emission of light pulse in radiator that mimics the 

longitudinal shape of the electron bunch (optical replica)

̈ Fourth: radiation detected by optical method (FROG, resolution up to a 

few fs)

H. Schlarb, DESY
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DESY undulator for optical replica

̈ DESY is going full steam on this, and is expecting result in a year
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Advantages and limitation

̈ Pros

– Single shot

– Non interceptive

– Guaranteed resolution of <20 fs (limited by slippage length, or 

number of oscillation in undulator multiplies to radiation wavelength, 

in DESY case 15 fs, 5* 2.75 fs)

– Accurate

̈ Con

– Expensive: laser, chicane, and two undulators

– Large real estate

– May be complicated by slice emittance
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Local experience

̈ First FROG measurement on undulator radiation (SASE FEL at 

LEULT)

0.0

0.5

1.0

-0.4 0.0 0.4 525 530 535

0

1

2

3

-0.4 0.0 0.4
268

266

264

 

 (ps)

-0.4 0.0 0.4

 

 (ps) t (ps)  (nm)

Y. Li et al., PRL 89, 234801 (2002); 91, 243602 (2003)

SV Milton, et.al., Science 292, 2037-2041 (2001). 

̈ Local experience on lasers: ANL (CHM, AWA, APS), FNAL, NIU
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EO vs. Optical Replica

High Relatively lowComplexity

Expensive

Synchronized laser

Two undulators

Chicane

Inexpensive

Synchronized laser

Crystal chamber or mirror station

Cost

hugesmallReal estate

50 fs demonstrate in SASE measurement

5 fs demonstrate in optics

<20 fs

150 fs demonstrated for beam

128 THz bandwidth demonstrated in 

THz (10 om crystal)

<20 possible

Resolution

Optical replicaEO
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OUTLINE

̈ Introduction
̈Optical Diffraction Radiation (ODR) Background
̈Optical Diffraction Radiation Experimental Results
̈Potential Applications of ODR to ILCTA
̈Summary
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The APS Facility has Provided Sources for Developing 
Time-Resolved, NI Diagnostics

̈ Beam Energies from 50 MeV to 7 GeV are available for tests.
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Development of Imaging Diagnostics for Multi-GeV Beams 

̈ Diagnostics of bright beams continue to be a critical aspect of present and 
future accelerators.

̈ Beam size, divergence, emittance, and bunch-length measurements are 
basic to any facilities involving bright beams.

̈ Nonintercepting (NI) characterizations of multi-GeV beam parameters are of 
particular interest in rings and high-current applications. These can be 
addressed by optical and x-ray synchrotron radiation (OSR and XSR, 
respectively) in rings.

̈ The development of optical diffraction radiation (ODR) as an NI technique 
for relative beam size, position, and divergence measurements in linear 
transport lines has occurred in the last few years at KEK and APS.

̈ Results from the APS transport line for 7-GeV beam will be discussed. 
̈ Relevance to new and proposed projects such as x-ray FELs, energy 

recovering linacs (ERLs), and the International Linear Collider (ILC) will be 
addressed.

̈ Relevance to ILCTA will be suggested at sub-GeV energy, but high current.
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Strategy (Can we extend to ODR?)

Convert particle-beam information to optical radiation and take advantage 

of imaging technology, video digitizers, and image processing programs. 

Some reasons for using OTR are listed below:

̈The charged-particle beam will transit thin metal foils to                  

minimize beam scattering and Bremsstrahlung production.

̈These techniques provide information on

- Transverse position

- Transverse profile

- Divergence and beam trajectory angle
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Schematic of the OTR/ODR Test Station on the BTX Line at APS

̈ Test station includes the rf BPM, metal blade with stepper motor control, 

imaging system, Cherenkov  detector, and downstream beam profile

screen. The dipole is 5.8 m upstream of the ODR converter screen.
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An OTR/ODR Test Station was Developed on the BTX Line 
for 7-GeV Beams

BEAM

Optical Transport

Beam Dump

Fluorescent Screen Assembly  Al2O3: Cr

CCD Camera

Cherenkov Detector

ODR Assembly

rf BPM (vertical)

Turning Mirror

ODR CCD Camera

Dipole & Vertical Corrector Magnets 
Upstream
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ODR is a Potential Nonintercepting Diagnostic for 
Multi-GeV Beams

̈ At left, schematic of ODR generated from two vertical planes (based on Fig. 1  of 
Fiorito and Rule, NIM B 173, 67 (2001). We started with a single plane.

̈ At right, calculation of the ODR light generated by a 7-GeV beam for d =1.25 mm 
in the optical near field based on a new model (Rule and Lumpkin).
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An Analytical Model has been Developed by D. Rule for 
ODR Near-Field Distributions Based on the Method of 
Virtual Quanta

̈ We convolved the electron beam’s Gaussian distribution of sizes jx and 

jy with the field expected from a single electron at point P in the metal 

plane (J.D. Jackson) 
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where = radiation frequency, v = electron velocity c = speed of light, 
q = electron charge, N is the particle number,  K1( b) is a modified 

Bessel function with = 2 / , and b is the impact parameter. 
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Investigations of Optical Diffraction Radiation on 7-GeV 
Beams at APS are Relevant to GeV Beams

̈ ODR offers the potential for nonintercepting, relative beam-size monitoring 

with near-field imaging. This is an alternate paradigm to far-field work at KEK. 

Submitted to Phys. Rev.
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Observed Signal Position and Intensity are Dependent on 
Impact Parameter Magnitude

Signal Peak Intensity versus Blade Edge Position
                              (10-08-04)
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OTR and ODR Images Recorded by Online Video Digitizer 
and Processed

̈ OTR profile, Q=0.4 nC ODR profile, Q=3.2 nC

d=1.25 mm
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Analytical Model Addresses Main Features of Vertical 
Profiles from ODR Near-field Images

̈ Comparison of OTR beam profile and ODR vertical profile data. The peak 

intensity has an exponential behavior with impact parameter while the 

total profile has the modified Bessel function effect.
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Submitted to Phys. Rev.



15Alex H. Lumpkin              FNAL ILCTA Seminar        November 28, 2006 

Online Image Processing Shows OTR and ODR Results

OTR Profiles                                  ODR Profiles (Vert. Pol.)



16Alex H. Lumpkin              FNAL ILCTA Seminar        November 28, 2006 

Orthogonal ODR Polarization Component (Vertical in this case) 
Useful for Horizontal Beam Size Measurement

̈ Vertical Polarization component of ODR gives more direct representation 

of horizontal beam size than the sum of ODR polarization components.
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Analytical Model Indicates Beam-size Sensitivity on x Axis

̈ Beam size varied ± 20% around 1300-たm value to show change in 

ODR profile detectable with d=1000 たm and jy=200 たm.
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Analytical Model Indicates Beam-size Effect in New  
Regime at 20-50 たm for 7-GeV Beam (XFEL, ERL, ILC)

̈ ODR model shows new regime possible even without polarization selection 

for fixed jy = 20 たm.
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ODR Model Predicts Sensitivity to Beam Sizes at 20-50 たm 
Level for 7-GeV Beam (X-ray FELs, ILC, LWFA)

̈ ODR image profile changes with horizontal beam size for fixed jy of 20 たm at 

d= 100 たm.
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ODR Also Has Good NI Beam-Position Sensitivity Using 
Orthogonal Polarization Component 

̈ OTR and ODR image centroids versus horizontal rf BPM values are 

linear.
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ODR Near-field Techniques can Address the e-beam 
Parameters in Proposed Projects on x-ray FELs, ERLs, 
ILC, and Future LWFAs

̈ Nominal beam sizes in LCLS undulator diagnostics locations are jx,y= 30 

µm for 14- and 4.5-GeV beams. NI aspect of ODR relative beam size 

monitor is important to minimize beam scattering to protect permanent 

magnets. Could use the OTR station optics with sensitive camera.

̈ ERLs for light sources involving high average currents (100 mA) for 5-7 

GeV beams (Cornell  and APS Upgrade). 

̈ The ILC beam after the damping ring is projected to be flat with jx= 50 

µm and jy=5 µm at 5 GeV with high average current.  Tests of ODR at 

higher energies would be useful for main linac application. (SABER?).

̈ The beam sizes for ILCTA in round and flat mode are ILC prototypical. 

Use OTR for reference low-intensity beam size. 

̈ Polarization aspects are very useful for beam-size tracking.

̈ Wakefield question should be checked, but the conducting screen/plane 

can be retractable and the impact parameter adjusted.
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CEBAF 5-GeV Recirculating Linac

̈ 100 たAmps CW beam extracted at 1, 2, 3, 4, or  5 GeV

Courtesy of Alex Bogacz,JLAB
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ILC-TA Beam Offers Extended Parameter Space to Test
and ODR Offers an NI Beam-size Monitor for Operations

̈ CEBAF beam size is 10 times smaller and the charge is 1000 times

greater than APS case. ILCTA beam sizes are nearly ILC prototypical.

Parameter APS CEBAF ILCTA

Energy (GeV)               7             1- 5           0.5-0.7

X Beam size (⊂m)     1300        30-50           12, 4

Y Beam size (⊂m)       200        30-50           12,36

Current  (nA)               6          100,000         50,000

Charge/ 33 ms (nC)    3              3,000        10,000
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Sub-GeV Beam with 10 µC Should Give ODR Image

̈ ILCTA beam sizes provide prototypical test of ILC parameters.

̈ ODR image intensity scales in exponential argument as -4ヾd/→そ. 

̈ If energy is reduced by 10, then can reduce d if beam is smaller. Also 

increase charge integrated in image by 3000 compared to APS case.

̈ Alternately, use intensified or cooled camera to extend sensitivity range. 

̈ Can look at FIR, but imaging sensors may limit resolution. 

̈ Modeling should be extended to lower energies. Orthogonal polarization 

components should be evaluated.
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SUMMARY

̈ A new NI relative beam size monitor based on ODR has been 

proposed to support APS top-up operations.

̈ The ODR near-field imaging techniques also have relevance to x-ray 

FELs, ERLs, the proposed ILC, APS upgrade, and emerging LWFAs.

̈ The ODR techniques also appear applicable to NI monitoring of the 

CEBAF 5-GeV beam at 100 A before the experiment hall. 

̈ The ODR techniques appear applicable to ILCTA for sub-GeV beam 

with high-average current. 
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OUTLINE

Energy gain in the SLAC experiment

Summary/Conclusions

Possible PWFA experiment @ ILCTA

The Plasma Wakefield Accelerator (PWFA)

SLAC PWFA experiment
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PLASMA WAKEFIELD (e-)

• Plasma wave/wake excited by a relativistic particle bunch

• Plasma e- expelled by space charge forces  =>  energy loss +  focusing

• Plasma e- rush back on axis          =>  energy gain
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PLASMA WAKEFIELD (e-)

• PWFA: high-frequency, high-gradient, strong focusing beam-driven accelerator

• Linear scaling: E
acc
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NUMERICAL SIMULATIONS e-

• E-167: !z=20-10 µm: >10!GV/m gradient! (!r dependent! kp!r∀1)
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3 km

PWFA EXPERIMENTS @ SLAC

Long-bunch Experiments

e-/e+ 28.5 GeV

!z∀700 µm

!r∀30 µm

ne∀2x1014 cm-3

Lp∀1.4 m

Pre-ionized

Short-bunch experiments

e- 28.5, 42 GeV

!z∀30-20 µm

!r∀10 µm

ne∀2-3x1017 cm-3

Lp∀10, 20, 30, 60, 90, 120 cm

Field-ionized

N∀1.2-1.8x1010/bunch

kpe!z∀#2

0.1-10 GV/m

U  C  L  A
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• Coherent Transition

  Radiation (CTR)

- CTR Energy!Ipeak!1/!z

• Cherenkov (aerogel)

- Spatial resolution !100 µm 

- Energy resolution !30 MeV

EXPERIMENTAL SET UP (GENERIC)

e-

∀
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z

y

• X-ray

  Chicane

-Energy 

 resolution !60 MeV

E y

x

• OTR

-Spatial

-resolution !9 µm y,E

x
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“PLASMA SOURCE”

• Lithium vapor in a heat-pipe oven

P.∀Muggli et al., IEEE TPS (1999)

L

UV-laser photo-, pre-ionization

or beam induced tunnel-ionization

Li HeHe
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Window

Plasma Light

Diagnostic

Extremely simple and cheap, high-gradient accelerator
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SLICE ANALYSIS RESULTS

PRE-IONIZED, LONG BUNCH (!z∀730 µm)
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TUNNELING-IONIZATION

∃I= ionization potential = 5.45 eV for LiI

E(t)= electric field in GV/m
n*=effective quantum number =3.68Z/∃I

1/2

Tunneling ionization rate
(ADK model):
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Latest energy gain results removed until they appear in

Nature
Until then, please contact me (muggli@usc.edu) for

questions and enquiries!
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ILCTA PARAMETERS

Parameters very similar to SLAC E-162 parameters:
∀200 MV/m measured in meter-long, pre-ionized plasma

!z∀390 µm (1.3 ps)

PWFA linear theory:
kp!z ∀#2, ne∀3.8∀1014 cm-3

nb∀3.7 ∀1015 cm-3
, nb/npe>1 
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ILCTA PARAMETERS

Linearizer OFF

Q=3.2 nC

Ipeak=1800x3.2=5.8 kA 

(Space space + wakefield 

Not included at high energy)

Linearizer ON

Q=3.2 nC

Ipeak=4500x3.2=14 kA 

(Space space + wakefield 

Not included at high energy)

With these parameters (!z∀90 µm, Ipeak∀14 kA), ionization of LiI

and multi-GV/m gradient possible (similar to short bunch SLAC

experiment!)

Plasma source (pre- or tunnel-ionized, length) and energy gain

are strong functions of the beam parameters!
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2-BUNCH PWFA
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2-BUNCH PWFA @ ILCTA

First demonstration of high-gradient beam acceleration with ILC-

like beams!!

Drive bunch: ND=6∀1010 e- (10 nC), !zD∀90 µm 

Accelerating gradient > 1-10 GV/m 

Witness bunch: NW=0-2∀1010 e- , !zW&90 µm 

Plasma density: ne∀1∀1016 cm-3

Plasma length:  Lp∀1 m (tunnel-ionized Li?)

Possible parameters (need to be verified!)

Bunches spacing: ∀300 µm

@ 1.3 GHz,   90 µm <=> 0.14° of phase

300 µm <=> 0.46° of phase

Producing the two bunches is a beam/accelerator physics

challenge



17

P. Muggli, ILCTA meeting 11/28/06

 SUMMARY & CONCLUSION

“Feel” for PWFA experiments

High beam energy is not necessary for relevant PWFA

experiments

Most important plasma experiments:

!2-bunch, beam PWFA: %E/E<<1

!Emittance preservation, beam loading, …

!Plasma ions motion study and mitigation (J. Rosenzweig)

Bunch length and current are important (Eacc∀N/!z
2)

Small beam emittances are desirable (kp!r<1)

Low rf frequency, high-charge ILCTA beam suitable for 2-

bunch generation?
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Outline

• CW SRF Beam Test Facility

• THz Source

• Compton X-ray Source

• Compton X-rays from ILC Test Accelerator

• Conclusions
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CW SRF Test Facility

Superconducting Cavities (2 × 0.5 

m, ~10 MeV)

Beam

DumpInjector

Fits in existing test cave at JLAB!
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Coherent Synchrotron Radiation

• Coherent synchrotron radiation (CSR) is electromagnetic energy radiated from the 

“bunch-as-a-whole” at wavelengths longer than the bunch length.

• The radiation from the individual electrons occurs at the same phase. Coherent 

superposition increases the output power level. Goes as bunch charge squared. Not 

unique to synchrotron radiation (e.g., transition and undulator radiations)

• Nodvick and Saxon (in more modern notation)

• First observed in electron linacs (Nakazato, et al.)

• Not observed in rings originally because the damped bunch length in the rings exceeded 

the transverse beam pipe size yielding “shielding” of the coherent emission

• Recently observed in low g rings, at reduced efficiency (coherent enhancement < 1000), 

because the full bunch does not radiate coherently

* + * + * +* +
2 2

2

1

1 1e e

e

d E d E
N N S

d d d d
y y

y y
? - /

Y Y



FERMI  Talk

Nov. 28, 2006

Operated by Jefferson Science Associates, LLC,  for the U.S. Department of  Energy

Compact THz Source

Superconducting Cavity (~ 1 m)

Undulator

Beam

Dump

Injector

THz Radiation  0.1 s 1mm

U. S. Patent 6,753,662 assigned to Jefferson Lab
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SRF photoinjectorsSRF photoinjectors

̇ High CW RF fields possible
̇ Significant R&D required

Rossendorf proof of principle 
experiment:

1.3 GHz, 10 MeV
77 pC at 13 MHz and 1 nC at

< 1 MHz

BNL/AES/JLAB development:

1.3 GHz ½-cell Nb cavity at 2K

Test diamond amplified cathode

AES/BNL development:

703.75 MHz ½-cell Nb photoinjector
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Source Parameters
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Courtesey: Moncton 

and Graves
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Compton/Thomson Scattering at ILCTA
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Conclusions

• SRF beam acceleration systems have been successfully developed and 

used in a wide variety of accelerators.

• Recent development of superconducting cavities has enabled CW 

operation at energy gains in excess of 20 MV/m.

• We at JLAB would like to develop “compact” radiation sources on 

SRF technology. This development might complement nicely the work 

at FERMILAB.

• A laser similar to the MIT proposal, producing back-scattered photons 

from the test accelerator, yields a hard X-ray source with very high 

average flux within the macropulse.



Dual Applications of Laser-

Compton Scattering

K. Chouffani
Idaho Accelerator Center, Idaho State University, Pocatello, 

ID 83209.



Laser-Compton Scattering (LCS)

• Interaction of high-energy electron with photon

electron scatters low energy photon to higher 

energy at the expense of the electron  kinetic 

energy.

• Similar to channeling/Undulator radiation

• Emission of highly directed (direction of e- beam),

mono-energetic, and tunable X-ray beams with

divergence on the order of 1/i.





Orientation



• Compton x-ray energy (from energy momentum conservation):

• Ei = x-ray energy, E
L

= Laser photon energy

• For collision geometries were ※ 碧 0 and for emission angles close 
to the electron beam direction:

• Where                         is the maximum energy generated in the 

forward direction for a head-on collision (Highest gain in energy, 
twice Doppler shifted).
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LCS Spectrum:

Derived from Klein-Nishina differential Compton cross section (for an 

incident linearly polarized wave):
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L: single collision luminosity in the case of head-on collision. 

Simplifications:

Assume transverse and longitudinal spatial distributions are 

Gaussians:
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If transverse rms widths are independent of 

longitudinal coordinate

Number of LCS X-rays/burst:

NLCS = L jっ
jっ = Cross section within cone of solid angle Y.
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LCS x-ray energy and energy spread 

(FWHM) depend on

• Laser frequency bandwidth.

• Electron beam energy and energy deviation.

• e- beam angular spread.

• Electron beam direction.

• Finite detector collimation.

• Finite interaction length.



Potential applications of LCS

• LCS x-ray pulse durations:

- 180o geometry: vx … ve

- 90o geometry: vx = transit time

•90o LCS geometry: scanning laser across e-

beam spot size (nm range).

• Electron beam emittance, energy, energy 

spread and direction.



LCS energy and FWHM dependence on beam 

divergence ux for scan along x-direction



LCS energy and FWHM dependence on beam 

divergence uy for scan along x-direction



Electron beam and laser 

parameters (LCS-Experiment)

• Electron beam:

• Beam energy:

20-25 MeV

• Pulse length: 5 ns

• Charge/macro-bunch:

~ 0.9 nC

• Rep. Rate = 10 HZ

• YAG-Laser:

• n1 = 1064 nm 

• n2 = 532 nm

• Pulse length = 7-10 ns

• Energy(n1) = 0.75 Joule

• Energy(n2) = 0.25 Joule

• Rep. Rate = 10 HZ



IAC LINAC Layout



• Laser-beam line angle:g B 6.2 mrad.

• Solid angle:  dっけ B 0.6 µsr.

• 1064 nm-Pol: ヾ, 532 nm-Pol: j
• Injection seeded:

〉p = 90 MHz @ 1064 nm, 〉p = 127 MHz @ 532 nm



LCS spectrum from interaction of e-beam and 

laser beams and energy tunability



Time delay between laser and electron 

beam pulses, SM = 90



Angular measurements

• Scan across x-ray cone along horizontal and vertical 

directions to locate spectrum with maximum energy 

and minimum FWHM.

Minimization method:

• Common fit to spectra to determine common e-beam 

Parameters from several responses i.e. spectra.

• Minimization of det {Vi,j}
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Angular scan (15 Spectra), SM = 200



Measured beam parameters with 

minimization method

With 15 spectra:

E = 22.27 ‒ 0.04 MeV 

FE = 0.21 ‒ 0.07 MeV 

ux = 2.08 ‒ 0.13 mrad

uy = 3.05 ‒ 0.5 mrad

sb = -2.12 ‒ 0.32 mrad.

With energy and FWHM

(E and FE fixed)

ux = 2.23 ‒ 0.11 mrad

uy = 2.81 ‒ 0.5 mrad

sb = -2.15 ‒ 0.5 mrad.

k. Chouffani et al. Phys. Rev. Spec. Top. AB 9, 050701 (2006).



LCS Energy, FWHM VS Observation 

angle

K. Chouffani et al. Laser Part. Beams 24, (2006) 411.



Scan perpendicular to electric field



Method susceptible to beam 

instabilities



Bio-Medical Imaging

Production of high-quality images of soft 

tissue while reducing dose .

K-edge subtraction angiography.

Phase contrast imaging (DEI, X-ray

interferometry).

X-ray protein crystallography.



Conventional X-ray source



Single pulse imaging

F. Carroll et al. MXISystems.



LCS vs Polychromatic source

F. Carroll et al. MXISystems.



LCS as e- beam monitor

Ability to determine electron beam divergence

and beam spread with angular measurements.

Determination of electron beam direction and

energy and pulse length.

Arrays of PIN X-ray detectors would enable

faster angular measurements.



Future goals

•Comparison of LCS and OTRI.

OTRI: j Ã 0.01/け
Limitation: Low energy e-beams and high

quality e- beams due to scattering in first foil.

• (x,x’) e- mapping 



Conclusion

• LCS bright, tunable and monochromatic x-

ray source for broad range of applications.

• With Nd:YAG laser (newly acquired): 

4 GW,  60Hz, 1J/pulse @1064 nm. 

Expected average intensity:

109photons/s emitted in cone of half angle 1/i.
• x-ray energies from 15 –60 keV for E B 20-

40 MeV.



Argonne National Laboratory is managed by 

The University of Chicago for the U.S. Department of Energy

Short X-ray, Gamma ray, and 
positron beam generation

Yuelin Li

Accelerator Systems Division, Argonne National Laboratory

ylli@aps.anl.gov
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Content

̈ Short pulse X-ray sources 

– Laser plasma X-ray sources and beam based X-ray source 

– Small angle Thomson scattering

• Short pulse capability

• Tunability

– Real estate

̈ Short pulse Positron beam

– Short pulse Gamma Ray

– Short pulse positron

̈ Discussion
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The Advanced Photon Source

Pulse duration: 100 ps FWHM
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Someone need something faster: 100 fs

Ahmed H. Zewail, J. Phys. Chem. A 104, 5660 (2000)
Schoenlein et al.
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Large scale: 
the APS upgrade option: energy recovery linac (ERL)
Free electron laser (LCLS, TESLA, etc)

G. Deckers design of APS ERL
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Radiation source generation 

̈ Free electron lasers

– Temporal pulse measurement (Y. Li et al., PRL 89, 234801 (2002);

91, 243602 (2003))

̈ Small angle Thomson scattering for short pulse X-ray (Li et al, PRST-AB 

5, 044701 (2002), )

– duration determined by laser pulse duration

– No limitations on electron bunch length

̈ Short pulse positron generation (Li et al, Appl. Phys. Lett. 88, 021113 

(2006))

– Low energy, short pulse  Gamma generating using small angle 

Thomson scattering from any storage ring with an off-the shelf fs

laser

– Gamma-ray to generate the positrons
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Small angle Thomson scattering

e-

plaser

px-ray

t

Before interaction

During interaction

After interaction

Y. Li, Z. Huang, M. Borland, and S. Milton

Phys Rev. ST-AB 5, 044701 (2002).

Khan et al., Proc. PAC 97, 1810 (1997).



8

Small angle scattering: 
X-ray pulse duration=laser pulse duration 
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X-ray pulse duration: Simulation: pulse duration
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X-ray photon flux
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X-ray specral brightness
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_________________________________________________

uz=0.212 ps
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1 nC charge
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̈ Short pulse X-ray sources 

– Laser plasma X-ray sources and beam based X-ray source 

– Small angle Thomson scattering

• Short pulse capability

• Tunability

– Real estate

̈ Short pulse Positron beam

– Short pulse Gamma Ray

– Short pulse positron

̈ Discussion
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Generation of ultrafast Gamma ray from the APS

Table 1 Advanced Photon Source Beam 

parameters, and the laser pulse 

parameters

26 om¬26 om92 om¬26 

om

RMS beam size

4 kHz 6.528 MHzRepetition rate

0.1-1 ps45 psPulse duration

0.5% 0.1%Energy spread (rms)

1.55 eV7 GeVElectron, photon energy

2¬1016 (5 mJ)1011 (15 nC)Particles per pulse
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FIG. 1 (a) A i-ray spectrum peaked at 5 MeV; (b) the total flux as a function of the peak photon energy. An

acceptance angle of 1/i"is used in the calculation, where i is the relativistic factor of the beam. In (b), the 

peak photon energy is tuned by changing the interaction angle between the laser and the electron beam. Here 

a laser repetition rate of 4 kHz and an optical cavity with a quality factor of 1000 at 6.52 MHz is considered.

Li et. al., Appl. Phys. Lett. 88, 021113 (2006)
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Positron generation
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Summary

̈ Beam energy around 500 MeV is good for short pulse x-ray generation 

with duration down to 20 fs

̈ Higher beam energy can be using for generating short low energy shor

gamma ray burst

̈ The short gamma ray burst can be useful for short positron bunch

gneration



LASER ACCELERATION WITH SWEPT LASER BURST

Mikhailichenko, Cornell University, LEPP, Ithaca NY 14853

Lot of technologies existed but not requested  at a time

FERMILAB, November 28, 2006 

Such new technology appears to be nanofabrication

Based on talks given at PAC2005 and EPAC 2006



Acceleration is a process of energy absorption from RF 

fields. This means that particle acquires many RF photons 

during the acceleration process. In principle one can 

imagine the energy exchange between single high energy 

photon (having TeV scale), but in this case the source of 

these photons in quantities required will be a much more 

difficult problem, however. 

The possibility to accelerate charged particles of any sign 

of charge is a vital component for High energy physics. 

Situation with RF acceleration of charged particles 

might be a good example for all these ideas 

represented above.

Looks like plasma-methods are missing  importance of positron acceleration.   

Also it is not shown where this second photon hidden in theirs methods, however.

This second photon is crucial agent in all business. 

Presence of this (radiated) photon allows, for example, 

particle acceleration by the plane wave; the process is going 

while particle re-radiates. In terms of photon absorption, the 

cross section of this process decreases with energy 

preventing usage of this method at high energy. 



Experiments done show that the limit to damage is strongly dependent of the time of illumination; shorter the 

illumination time—higher density is allowable. Reported density measured 6 J/cm2 for 1 ps pulse duration and 

10 J/cm2 for 0.3 ps pulse.

From the other hand for 3cm long structure the pass-time to be 100 ps. 

We proposed in [1994] a method on how 

to arrange this local excitation with the 

help of sweep of focused laser radiation 

along the accelerating structure and called 

this procedure Travelling Laser Focus 

(TLF). 

Sweeping device could be 

characterized by deflection angle q and 

by the angle of natural diffraction –

qd= l/a, 

where a –is the aperture of the 

sweeping device which is o the order of 

the transverse laser beam size. The 

ratio of deflection angle to diffraction 

angle is fundamental measure of the 

quality for any deflecting device. This 

ratio defines the number of resolved 

spots (pixels) placed along the 

structure,. The last number is an 

invariant under optical transformations. 

NR=q/qd

Laser radiation applied to every point of 

structure during t= lt /lac,

The number of accelerating cells excited 

simultaneously is ~ lf /c

The focal point is following the beam in 

average.  

Phase of the laser radiation is 

synchronized once with the particle’s 

bunch motion. 

Accelerating cells in a structure separated 

in longitudinal direction with distance lac, 

so an electromagnetic field is in phase 

inside each cell. 

A cylindrical lens serves for the 

focusing of laser radiation in a 

transverse to the motion direction. 

Illumination time t=0.3ps . Laser density = 0.3 J/cm2 for  E=10GeV/m 



Sweeping device serves for few accelerating structures. 

Laser bunch train, 1 coming from the left 

and passing sequentially power splitters 3. 

By 2 marked locations and configuration of 

the swept laser bunches.  Lenses 4 

installed a prior to the sweeping devices 5 

having focal plane at location of lens 6. By 

7 marked power splitters and mirrors 

allowing feed few structures from single 

sweeping device. Even number of 

reflections (basically two), bring the slope 

to the proper tilt shown by 8. This system 

also equipped by cylindrical lenses 9 which 

have transverse focus on the openings of 

accelerating structures. Structures marked 

by 10. Accelerated bunches are running to 

the right 11 inside structures. 

We expect that this can be done for 

5-10 structures. 



• Dynamics of laser bunch sweeping; a look from the side. 1–shows laser bunch configuration at the entrance, 
1a– is a bunch after second lens, 2–is a sweeping device, 3 and 3a– are the focusing lenses. 4 –is an image 
plane, where accelerating structure located. Beam is moving from the bottom of this Fig. to the top.  

Additional lens 3 has a focal point located in effective sweeping center. After this lens laser bunches have no 

angular divergence. Lens 3a has focal point located at the accelerating structure, what is the plane marked 4. 

So the sweeping device 2 located between lenses 3a and 3. 

• Direction of sweep defines the laser bunch slope. For practical applications second lens 3 can be combined with 
cylindrical lens. 

• Optimization of sweeping device shows, that its length must be 2/3 of distance from lens 3a to the lens 3,  

Extended scheme with single sweeping device. 1–shows laser bunch configuration at different locations, 2–is a 

sweeping device, 3–focusing lens, 4–laser bunch doubler, 5–accelerated bunch, 6–optical amplifier, 7–accelerating 

structures, 8–power splitters (semi-transparent mirrors). 



Alignment  of blocks arranged with 

the help of tunneling probes

Quadrupole lens
Sweeping device



SWEEPING DEVICE

For a prism-based device,  change in refraction index yields the change in 

deflection angle. To arrange such a change, the basements of the prism must 

be covered by metallic foils and a high voltage applied to them.

At the right- prisms with oppositely directed optical axes

installed in series between two parallel strip–line 

electrodes, Electromagnetic pulse propagates with laser 

bunch to the right as traveling wave.

In this case the full length of this device is working for 

deflection.

The deflecting angle is defined by the phase delay across the laser beam 

front arising from differences in the path lengths in material of the prism 

having a refractive index n , 
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For Ld =25cm,  a=0.5 cm, deflection angle is                      

NR= 200 for

Tensor rij links refraction index 

change and applied electrical field

n oB 1 m

Such devices can be manufactured routinely



OPTICAL TRIGGERING

1– for main accelerating pulse and by 2 – for the triggering pulse . Lenses 3 focus main laser pulse on accelerating structure 

plane (marked 11) and short focusing lenses 6 focus laser pulse onto triggering element 7.  4 and 5-splitters. 8-energy storage 

lines;  9- inductors. The strip-line, marked red feeds by this piece of line. By 10, 11 and 12 the laser bunch configuration, 

accelerating structure module and accelerating bunch trajectory marked respectively. 



Waveguide sweeping device

Multi-prism traveling wave sweeping device in a waveguide. 

1–is electro-optical crystals, positioned in a waveguide 2, 

having bends 4 with flanges 3. 5–is an optical window. 6 –is 

a matching dielectric. 

Power requred ~1 MW , losses are minimal

1 –is the laser beam, 2–focusing lens, 3–waveguide 

sweeping device, 4–lens, 5–optical amplifier, 6–

particle beam under acceleration, 7–laser power 

splitting devices, 8–accelerating structures with beam 

focusing elements. 



ACCELERATING STRUCTURE

Beam is going inside the structure
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WAKES

pCkVW /7/B mpCVW o//102.2 2©B`
5310N pCCeN 048.0108.4 14

Wakes/Acceleration ~4%,  



FABRICATION

1– is a base. 2–material of the structure is placed on the base. 3–a photoresist is placed at the top. 

4–the photoresist is exposed. 5–some of photoresist is removed. 6–material of the structure etched. 

7–a new cover of photoresist is placed. 8–extra resist is removed. 9–material of the structure is 

added. 10–structure etched again. 
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If laser flash lasts      sec and caries energy Q Joules then maximal field
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There is no magnetic 

yoke in this detector.

Focusing arranged with 

the help of multiplet of 

RF quadrupoles on the 

basis of accelerating 

structures. The number 

of RF lenses in multiplet

~200. 

RF gradient slowely

varies from very strong at 

closest to IP side to a 

weak one;  k~100 1/m2

In modular detector   the 

solid angle available for 

registration is large. 

So the lens with 1000 

cells reaches the focal 

distance F=20 cm. Let 

just remind that these 

cells will occupy 0.1 cm 

only.

Modular detector

Pixel detectors for 

muon identification

DETECTOR and IP



FEEDBACK AND ALIGNMENT

Chear cut

Accelerating structure

x motion y motion

x cut

V

V

c c

Structure

Cylindrical Lens

Sweeping device

Particles Laser channel

1–is a driving laser bunch, 2–is transverse position sensor for a laser bunch, 3–is a laser 

back reflector loop, 4 –is a power splitter, 5–is a driving bunch on the way to next module, 

6–is a splitted part of driving laser bunch, 7–is a processor, 8–are the beam deflectors for 

two transverse directions, 9–is an array of optical sensors, 10–is a reflected laser bunch, 

11–is a sweeped laser bunch. 12–is an electron/positron bunch on the way to the 

beginning of accelerator. 13–are the pick up electrodes, 14–is a functional amplifier, 15–is 

a transverse kickers, 16–is a beam back returning loop, 17,18 –are the lines of the signal 

processed.  Lines across the laser bunch indicate the wavefronts. The back loop 3 located 

at the beginning of accelerator (acceleration process).

Movement of structure

22222 )()()()()( beam
p

p

p

p

5102 /©BF yL

4107 /©BF xL



Primary laser beam 1 goes to the end of accelerator. Mirrors 2 redirect it back, pos.3, trough the sequence of 

splitters. In the similar way the particle’s beam 5, goes trough bending system 6 and further trough structures 

to next modules, 4. 7 and 8 –are the focusing elements for the laser and particle’s beam respectively. Optical 

platform 9 is standing on legs 10 with active damping system to minimize vibrations.  13–cylindrical lenses, 

14–are the accelerating structures. All elements on the table are located in a vacuumed volume, not shown 

here.

ACCELERATOR TABLE



1– is a primary optical beam line. 2–is a primary particle’s beam line. 3–is a vacuumed 

container with all equipment. 4–is an accelerating structure with sub systems. 5–is an 

optical table. 6–is the deflecting device, 7 –is the line for driving optical beam, 8–is a box 

with equipment for deflecting device and control. 9–is a tube with optical elements for 

active alignment of all optical tables. 10–is an anti-vibration active system. 11–is a duct for 

air-conditioning. 

Cross section of a tunnel with accelerating system for underground location.

Neighboring platforms aligned with help 

of sensors, installed at the end of each 

platform. So the sensor installed at one 

platform touches neighboring one. The 

sensors are similar to that used in 

tunneling microscope technique. This 

system could be made fast enough to 

exclude influence of ground motion, 

mostly intensive at lower edge of the 

spectrum. 



Laser Linear Collider (LLC) 

complex.
2  1 km /2  3 (2  30) TeV+ + +

1–is a laser master oscillator platform, 2 –is an optical splitter, 3,4–are the mirrors, 5–is a semi-transparent mirror, 

6–is an absorber of laser radiation. 7–are the Final Focus Systems. 8–are the damping systems for preparing 

particle’s beams with small emittances, 9–are the bends for particle’s beam. 10–are the accelerating X-band 

structures, 11–is an electron gun, 12–is a positron converter. The scheme with the damping rings as sources are 

shown here. 



PARAMETER LIST



CONCLUSIONS

• Nano–technology available creates solid base for accelerator with 
Travelling Laser Focus. 

• Any point on accelerating structure remains illuminated by ~0.3 ps
only. Laser density 0.3 J/cm2

• Lasers for the TLF method need to operate with pulse duration 
~100ps.

• TLF method promises up to 10 TeV/km with 3 mJ/m. With such high 
gradients,        ,       ,              and ion-ion collisions become feasible. 

• We conclude that acceleration in a laser-driven linac with TLF 
method is a present day technology and no physical and technical
limitations found on this way. 

• Testing of this method might be highest priority task for 
accelerator physics. 

/-oo /-rr pp or ,



Particle acceleration by laser 

Baifei Shen

Shanghai Institute of Optics and Fine Mechanics, CAS

ANL

Nov. 28, 2006



1. Electron acceleration

” Electrons accelerated by laser in vacuum.

” Electrons accelerated by the wake 

2. Ion acceleration

” Target normal sheath acceleration (TNSA)

” Ion acceleration by light pressure.

” Ion acceleration by a shock

Contents



Electron movement in a planar wave  in vacuum

The planar wave is:

For an electron initially rest in front of laser pulse, 

the transversal momentum is覲

a=1 means: 

The longitudinal momentum is覲

The kinetic energy is覲



Electrons accelerated by laser in vacuum



While a planar laser pulse can not accelerate an electron 

in vacuum, a Gaussian pulse does.
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If an electron has an initial velocity,  the electron 

may be accelerated to very high energy. 

The problem is the acceleration is much larger than the 

Rayleigh length. In order that a laser pulse can propagate 

longer than Rayleigh length, a performed plasma channel 

may be used.





C. Joshi,  Scientific America,  41(2006)



C. Joshi,  Scientific America,  41(2006)







W. P. LEEMANS, Nature Phys. 2, 296(2006)

Plasma length: 

3 cm
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(a) Analytical calculation for 

the vector potential of the 

laser pulse and scalar 

potential for the one-

dimensional wake in a plasma 

of density 6¬1018 cm-3 driven 

by a circularly polarized laser 

pulse of peak amplitude a=2 

and duration 30 fs; (b) 

Trajectory of electrons under 

different conditions in the field 

in (a); (c) Three dimensional 

particle in cell simulation for 

the same plasma conditions. 

The circularly polarized laser 

pulse is of peak amplitude 

a=1.414, duration 30 fs, and a 

transverse FWHM of 12 ⊂m. 

The dashed (solid) line shows 

the vector potential of the 

wake before (right after) the 

bubble base hit the wire.



C. Joshi,  Scientific America,  41(2006);

M. J. Hogan et al., Phys. Rev. Lett. 95, 054802 (2005).



Injection

An electron bunch can be injected into a bubble driven by 

a laser pulse or an electron beam.





Gas

Laser

Nano wire

Wave breaking triggered by a nano wire

x

y

z

The wire is at x=200 ⊂m, z=6.35 ⊂m.

Baifei Shen et al., to be published



Position z= 6.35 m Charge 370 pC







Ion acceleration by laser

H. Schwoerer, Nature  439, 

445(2006) 



Ion acceleration by laser

I = 1.37 x 1023 W/cm2

T. Esirkepov et al., PRL 92, 175003(2004)



Ion acceleration by laser

Andrea Macchi, PRL 94, 165003(2005)



High Gradient Dielectric Wakefield 
Structures

John G. Power

For the Advanced Accelerator R&D Group

HEP Division

Argonne National Laboratory

Nov 28th, 2006

Advanced Accelerator R&D at the ILCTA, Fermilab
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 29, 2006

Mission: Studying Physics and 

Inventing Technologies for Future 
HEP Accelerators.
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Pioneering 
Science and
Technology

Office of Science
U.S. Department 

of Energy

Fermi Lab ILCTA Application Workshop, Nov 29, 2006

Research Focus
1. Advanced Accelerating Structures

1. Dielectric Loaded Accelerating (DLA) Structures

- Beam-Driven DLA Structures

- Using the Argonne Wakefield Accelerator Facility

- RF-Driven DLA Structures 

- Collaboration between Argonne, NRL, & SLAC
2. Novel structure investigationå photonic band gap, left-handed meta-materials.  

2. High-Power/High-Brightness Electron Beams

1. Fundamental Beam Physicså beam generation, propagation, & characterization. 

2. High-current beam productionå for beam-driven wakefield acceleration & RF 
generation schemes.

3. Beam dynamics in wakefield structureså BBU control

3. Support of existing HEP programs

1. Positron source for ILC

2. Lab Astrophysics

3. Providing facilities for external user’s research program. 
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AWA Drive Beamline

Drive 1.3 GHz

Photocathode 

Gun

1.3 GHz Linac & 

Steering Coils
Quads

Wakefield 

Structure

Gzrgtkogpvcn
Ejcodgtu"4.5 m

GVGV

YAG1 YAG2

Spectrometer

YAG5
Dump/

Faraday Cup
Slits

YAG4YAG3
ICT1

ICT2 BPM

Single bunch operation
Ü Q=1-100 nC
Ü Energy=14 MeV
Ü High Current = 10 kAmp

Bunch train operation
Ü 4 bunches x 10 nC
Ü 64 bunches x 50 nC 50 ns long (future)
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x2 --- Quanta-Ray 170

x2 --- Quanta-Ray 230

Ti: Sapphire

Oscillator

x3

M
ill

e
n

n
ia

 V

Ti:Sapphire

Amplifier

(Spitfire 

regenerative 

amplifier

+

2 linear amps)

5
3
2
 n

m
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u
m

p

5
3
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m
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u
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744 nm seed

744 nm 

15 mJ

AWA Photocathode Laser System

KrF 

Amplifier

248 nm 

1.5 mJ
248 nm 

15 mJ

248 nm 

1.5 – 15 mJ

8 ps FWHM

10 Hz

Multi-

splitter



Beam-Driven DLA Structures     
at the                  

Argonne Wakefield Accelerator 
(AWA) Facility
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Slow wave accelerator 
•Dielectric (instead of irises) is 

used to reduce vph to c.

Advantages of DLA 

• Simple geometry

• No field enhancements on 

irises

• High gradient potential

• Comparable shunt 

impedance

• Easy to damp HOM

a b

L

Electric Field Vectors

Geometry

Dielectric-Loaded Accelerator (DLA) Structures

(1) Why use dielectrics??

Open Questions 
•Breakdown?

•Joule Heating?

•Multipactor?
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Beam-Driven DLA Structures (aka Wakefield Acceleration)

(2) Why e-Beam Driven?

ÜGW’s of Power transferred by the electron beam.

ÜShort pulse operation can increase the breakdown threshold.

ÜMore material options:

ÜLow and high Q structures produce the same wakefield.  

ÜApplications

ÜCollinear wakefield acceleration schemes

1.Single Mode

2.Multimode

3.Enhanced Transformer Ratio

ÜTwo-beam acceleration

1.Dielectric TBA

Witness Beam

Metal

Dielectric

Vacuum

Drive Beam

Power Source

Witness Beam

Metal

Dielectric

Vacuum

Drive Beam

Power Source
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Wakefield Scaling in DLA Structures 
(a short Gaussian beam)

small tube 

means 

small bunch

4b 4a

g
Q

Beam
quality

Beam energy (= $$)

Short Bunch
(killer!)

High Charge
(photocathode)
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DRIVE BEAM
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• Bunch length fi
• Emittance fi
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Key to Large Wz
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Wakefield Scaling in DLA Structures 
(a short Gaussian beam)
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DRIVE BEAM
• Charge ‹
• Bunch length fi
• Emittance fi
• Energy ‹

Key to Large Wz
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Beam-Driven DLA Structures Tests
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WF signal

RF field probe (- 60 dB)

Short SW DLA Structures

High Charge

e- bunch

43 nC

time (ns)

0 2 4 6

-100

0

100

Monitor for breakdown

Infer Gradients from MAFIA

Corderite=(2MgO . 2Al2O3 . 5SiO2), 
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Structure 1 (Summer 2005)
long 14GHz structure

23 MV/m gradient.

No signs of breakdown.  L
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Structure 1 (Summer 2005)
long 14GHz structure
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Structure 2 (Winter 2005-06)
MAFIA simulation of wakefield of the short 14GHz structure

E-field pattern (1nC, ⇒z=1.5mm)

23mm

2.5mm
7.5mm

Wz = ~ 0.5MV/m @ 1nC 
for 14GHz Structure
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Structure 2 (Winter 2005-06)
Measured and simulated Er probe signals

Measurement
Frequency Spectrum 

of measured signal

Simulation Frequency Spectrum 

of simulated signal

TM013

(14.3GHz)

TM014 (16GHz)

TM012

(13GHz)

HEM111

(12.3GHz)
86nC

43 MV/m gradient.

No signs of breakdown.  L
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Structure 3 (Summer 2006)
MAFIA simulation of wakefield of the short 10GHz structure

E-field pattern

Wz (V/m)

Wz > 1MV/m @ 1nC for 
10GHz Structure

28mm

2.5mm

7.5mm
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Structure 3 (Summer 2006)

Measured wakefield signal (Er) of the 10GHz short structure

86 MV/m gradient.

No signs of breakdown.  L

86nC
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Short SW DLA Test Summary

̈ Structure 1 (Summer 2005)     23 MV/m

̈ Structure 2 (Winter 05/06):      43 MV/m

̈ Structure 3 (Summer 2006)     86 MV/m

Final assembly in beamline
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Next Structure (Near Term Future)
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ILCTA dielectric wakefield applications

̈Motivation

̈ILCTA beam 
parameters 
High Gradient
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ILCTA dielectric wakefield applications

̈Cylindrical 
dielectric 
structure

̈ILCTA round 
beam (3.2 nC) 
parameters

4b 4a

g

Q

sigmaX=30 um;

sigmaY=30 um;

sigmaZ= 400 um

Dielectric Structure

MgTiO3 ; =16

a = 100 um; b= 430 um;

f=75 GHz

Wakefield 150 MV/m
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ILCTA dielectric wakefield applications

̈Numerical Example

̈Use laser beam techniques to generate a 
closely spaced witness beam
75 GHz å 13 psec

Measured Energy Change

L=10 cm å 15 MeV

L=1 m 150 MeV

However

åWz ~Q/sigmaZ^2

Using 72 fsec

åWz å GeV/m
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ILCTA dielectric wakefield applications

̈Planar 
dielectric 
structure

̈ILCTA flat 
beam (3.2 nC) 
parameters

sigmaX=10 um;

sigmaY=100 um;

sigmaZ= 400 um

Transverse Wakes 

vanish/diminish

less BBU

High Gradient a = 30 um



Photonic Band Gap 

Higher Order Mode Coupler for ILC*

Jing Zhou

Presented at Fermilab

Nov. 28, 2006

*Supported by DOE Grant No. DE-FG02-95-ER40919



2J. Zhou, 11/28/2006

Outline

• Why PBG HOM Coupler 

• Results of Feasibility Studies

– Effects on Operating Mode

– Effectiveness of PBG HOM Damping

• Summary and Plans



3J. Zhou, 11/28/2006

Motivation

• Problems with BCD HOM coupler (ILC 

Report 7-13-06)

– Mode asymmetry

– Insufficient dipole damping 

– Limited knowledge about non-

dipole HOM damping

– High cost

• PBG HOM coupler solutions

– High degree of azimuthal symmetry

– Allow all unwanted modes to leak 

out of the structure

– Potentially much simpler to build, 

and could reduce costs

(operating) (BBU)

PBG HOM Coupler 

Concept

BCD HOM Coupler



4J. Zhou, 11/28/2006

Goals

• Demonstrate that PBG HOM coupler is feasible.

– Must preserve operating TM01-like ヾ-mode to Q œ 1010.

– Must damp HOM wakefields with Q ~ 105.

• Develop collaborative research on the experimental 

demonstration.

• Build and test PBG HOM coupler.



5J. Zhou, 11/28/2006

Parameter Selection using PBG Theory

• PBG structure designed to trap 

only TM modes below ~2 GHz.

• Triangular superconducting 

lattice design

• Propagating modes are damped 

by outer wall.

a = 8.25mm, b = 55 mm

Operating mode

1st HOM mode



6J. Zhou, 11/28/2006

HFSS Model of TESLA Cavity

• Created HFSS model of ILC BCD SC cavity, which 

is the TESLA design.

• Surface conductivity of 7.2x1018 S/m

• Simulated TESLA cell supports the TM01-like 

mode at 1.299 GHz (1.3 GHz is the intended 

operating frequency), and Q = 1x1010.

TESLA specificationsTESLA RF Unit

HFSS model of 

TESLA cavity
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HFSS Coupler Models

• Challenging to simulate full 9-

cell model

– Longitudinal overmoding

– Computationally intensive

• Reduced 2-cell model proves to 

be effective

– Two TESLA cells with PBG 

couplers

– Two TESLA cells with 

pillbox couplers

Full 9-cell Model

Reduced 2-cell Models

PBG coupler Pillbox coupler
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HFSS Results

PBG coupler Pillbox coupler
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Results

• PBG HOM coupler meets the goal of maintaining the operating 

mode.

• The simulation model only includes two TESLA cavities, so we 

expect the Q of the 9-cell setup to be approximately 4.5 times as 

large, since Qresonator = のU/P.

8.528 x 109

8.562 x 106

Q

(2-cell system)

~3.838 x 1010

~3.853 x 107

Estimated Q

(9-cell system)

1.293PBG

1.292

Pillbox 

@ Coupler Radius 

= 35 cm

Operating 

Eigenmode 

Frequency (GHz)

Coupler type
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Dependence on Coupler Radius

• Conducted a test of the relationship between coupler radius and Q-value 

to ensure the model was robust and realistic.

• PBG coupler Q was insignificantly affected by coupler radius.

Q Dependence on Coupler Radius

1.0E+04
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1.0E+06
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Q
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Circled point 

represents ヾ/2 
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Summary and Plans

• Developed models and methods for simulating TESLA cavities and 

PBG HOM couplers.

• Verified via HFSS that PBG coupler can sufficiently maintain the

TESLA cavity operating mode.

• Plans

– Use HFSS models to ascertain whether the PBG coupler can 

provide the necessary HOM damping.

– Seek collaborative research on the experimental demonstration.

– Build and test PBG HOM coupler at ILCTA.
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